Here we report the composition effect of hole-transporting material (HTM)/polyimide (PI) composite nanolayers on the performance of hybrid organic light-emitting devices (OLEDs). A well-established triphenylamine derivative, N,N -diphenyl-N,N -bis(3-methylphenyl)-[1,1 -diphenyl]-4,4 -diamine (TPD), was employed as a HTM, while poly(oxydianiline pyromellitimide) (PMDA-ODA PI) was used as a PI component. The composition of TPD in the TPD/PI composite nanolayers was varied between 0 and 70 wt% to fabricate hybrid OLEDs. The results showed that the light-emitting voltage (luminous efficiency) gradually lowered (increased) as the TPD content increased, which was assigned to the improved charge transport with increasing TPD content. However, the trend in device performance was a bit different in the case of 70 wt% TPD content owing to the inversion between the host and the guest. The space-charge-limited current model fitting suggested that the charge transport characteristics of the devices had already begun to change at the TPD content of 30 wt%.
Introduction
Since landmark breakthroughs in functional small molecules [1] and polymers [2] for organic light-emitting devices (OLEDs), small size OLED displays have been commercialized for various applications such as mobile phones, MP3/4 players, car audios, shavers, etc [3] [4] [5] . This successful commercialization can be attributed to the enhanced OLED efficiency by employing novel iridiumcontaining organometallic compounds that can harness triplet excitons, even though the efficiency of blue emission does still lag behind those of green and red emissions [5] [6] [7] . However, it is noteworthy that most of the commercialized OLEDs have active layers that are formed by thermal evaporation of small molecules inside a vacuum chamber [3] [4] [5] 7] . On this account, the low-cost fabrication of OLEDs, compared to well-developed liquid crystal displays (LCDs), is unlikely to be achieved owing to huge initial investments for many vacuum systems as we experienced in conventional inorganic semiconductor industries [5] .
As an alternative way, polymer-based OLEDs (PLEDs) have been developed and studied in depth by utilizing a variety of printing methods. Of various printing methods, an ink-jet technique has been intensively applied for the pixelization of PLEDs, but the uneven uniformity between each pixel has been a critical drawback for their commercialization [5, 8, 9] . Hence, an interim structure, called hybrid OLEDs, has been introduced to separate the coating processes of organic layers into two stages: (1) the wet-coating stage for common layers such as a hole injection layer (HIL) and/or a hole transport layer (HTL) and (2) the thermal evaporation stage for an emission layer (EML) in need for pixelization [5, 7] . This hybrid device approach is expected to minimize the number of vacuum chambers as well as to secure the uniformity of each pixel.
Among various combinations of materials for the common HIL and/or the HTL in hybrid OLEDs, a molecularly doped polymer (MDP) has attracted keen interest because a variety of active materials can be doped (mixed) into a polymer matrix [10] [11] [12] [13] [14] [15] . In terms of the polymer matrix, thermally stable polymers such as aromatic polyimides (PIs) and chemically crosslinkable polymers have been preferentially employed in order to improve the reliability of the resulting hybrid OLEDs [14, 15] . In the case of an aromatic PI matrix, poly(oxydianiline pyromellitimide) (PMDA-ODA PI) [15, 16] has been used for the common layer for hybrid OLEDs (note that a similar approach has been reported for PLEDs with the PI HTL [17] ), but no systematic study for the composition effect of a hole-transporting material (HTM) in the PI HTL has been reported so far.
In this work, we attempted to investigate the influence of HTM composition (content) in the HTM/PI composite nanolayers on the performance of hybrid OLEDs (note that the PMDA-ODA PI is abbreviated to just PI).
(TPD) and tris(8-hydroxyquinolinato)aluminum (Alq 3 ) were used as a HTM and an EML, respectively, because of their well-established characteristics [3] [4] [5] . The roles of TPD and PI have been studied in detail on the basis of the TPD composition-dependent performance change of hybrid OLEDs. In particular, the energy band structure of a pristine PI film was built by measuring its ionization potential, while the optical absorption and morphology of TPD/PI composite nanolayers were examined to understand the composition effects.
Experimental details

Materials and synthesis
TPD (purity = 99.5%) and Alq 3 were purchased from SigmaAldrich Co., Ltd, and the purity of Alq 3 was improved by the sublimation technique [5] . Poly(oxydianiline pyromellitamic acid) (PMDA-ODA PAA), a soluble precursor of PMDA-ODA PI, was synthesized using pyromellitic dianhydride (PMDA) and 4,4 -oxydianiline (ODA): anhydrous N-methyl-2-pyrrolidone (NMP) was used as a solvent and the reaction was carried out inside a cold bath cooled by dry ice. After the termination of the polymerization reaction, the product solution was poured into excess methanol to separate the desired PAA parts. After taking the precipitates out of the mixed liquid, the solid products were dissolved in NMP and again precipitated in methanol. This dissolution-precipitation procedure was repeated more than five times in order to remove unreacted monomers and/or oligomer parts. Finally, purified PAA was used for preparing the mixture solutions of PAA and TPD in dimethylformamide (DMF) solvent: the weight ratio of TPD to PAA was varied from 0 wt% to 70 wt%. No clues for phase separation were observed in the solutions because all solutions made were optically transparent.
Preparation of nanolayers and device fabrication
The nanolayers of pristine PI and TPD/PI composites were prepared by spin coating on quartz substrates for the measurement of optical absorption and surface morphology. To fabricate hybrid OLEDs, indium-tin-oxide (ITO)-coated glass substrates were patterned to obtain 2 mm wide ITO stripes by employing photolithography techniques, followed by wet (deionized water and isopropyl alcohol) and dry (UVozone, 28 mW cm −2 for 1 min) cleaning processes. Then the TPD/PI composite nanolayers were coated on the cleaned ITO-glass substrates and soft-baked at 80
• C for 30 min. These soft-baked nanolayer samples were subjected to the thermal imidization process at 180
• C for 60 min. After cooling down to room temperature, one set of the TPD/PI nanolayer samples was loaded into a thermal evaporation chamber system for the deposition of EML (Alq 3 ), which was carried out at a base pressure of ∼10 −6 Torr. Next, without breaking the vacuum, the top electrode was deposited on top of the EML by thermal evaporation of aluminum (Al) (thickness = 100 nm) at a working pressure of ∼4 × 10 −6 Torr [18] . All devices fabricated were hermetically encapsulated using a stainless steel cap [19] . The thickness of the TPD/PI nanolayers and the EML was 12 nm and 40 nm, respectively. The size of active pixels was 0.04 cm 2 (figure 1).
Measurements
The thickness of all nanolayers coated was measured using surface profilers (Tencor P10 and Alpha
Step 200). The photoelectron (PE) yield of pristine PI nanolayers coated on quartz substrates was measured using a photoelectron spectrometer (AC-2, Riken Keiki), while the optical absorption spectra of pristine PI and TPD/PI composite nanolayers were measured using UV-visible spectrophotometers (PerkinElmer Lambda 19 and Mecasys Optizen 2120UV). The surface morphology of the TPD/PI composite nanolayers was examined using an atomic force microscope (Nanoscope IIIa, Digital Instruments). The characteristics of OLEDs were measured using a specialized OLED measurement system equipped with electrometers (Keithley 237 and 2400) and a candela meter (Minolta CS1000). The luminous efficiency (η L ) was calculated by using the relation
where L, J and V are luminance, current density and voltage, respectively [5] .
Results and discussion
Optical absorption and energy band structure
The absorption peak at around 360 nm gradually increased as the TPD content increased, while the peaks at around 230 nm and 285 nm decreased in the same manner (figure 2) (note that the slightly higher base line of the pristine PI sample can be attributed to its thickness being smaller than that of other composite films). This indicates that the TPD molecules in all composite nanolayers are still alive (exist) without extraction from the nanolayers even after the thermal imidization process at the elevated temperature (180 • C) which is higher than the glass transition temperature of TPD (T g = 63
• C). Here, the semi-logarithmic plots showed that the band gap energy of the TPD/PI composite nanolayers is slightly wider than that of the pristine PI, which implies that the interchain stacking between each PI chain leading to a charge transfer complex was significantly reduced by the mixing of TPD and PI.
Based on the band gap energy information from the absorption spectra in figure 2 , we tried to set the energy band location of the pristine PI, which was not defined in our previous report [16] . Note that all energy levels discussed in this part are simply individual without considering the exact vacuum level alignment by the possible formation of interfacial dipoles after actual contact with each other. First, the ionization potential (or the highest occupied molecular orbital (HOMO) level)) of the pristine PI nanolayer was measured with photoelectron spectroscopy. As shown in figure 3(a) , the onset of the PE yield was measured at around 5.8 eV for the pristine PI nanolayer (the inset in figure 3 (a) shows the optical density change of PI from its precursor (PAA) after thermal imidization). Then, subtracting the optical band gap of the pristine PI, which was calculated at 3 eV from the onset point (415 nm), as shown in figure 2 inset, from 5.8 eV (HOMO) leads to 2.8 eV as the lowest unoccupied molecular orbital (LUMO) energy of the pristine PI nanolayer. Incorporating this energy band information of the pristine PI delivers the whole shaped energy band structure for the present OLEDs as given in figure 3(b) . Here we find that the HOMO level difference between the pristine PI and TPD is as small as only 0.1 eV, which indicates almost no existence of holeblocking barriers by the presence of the PI component if we consider it only from a viewpoint of semiconductor energy levels. However, the LUMO level of PI is slightly lower than that of the TPD molecules, which can be expected as a marginal leakage pathway for electrons that come from the LUMO level of Alq 3 .
Current density-voltage characteristics
As shown in figure 4(a) , the current density-voltage (J-V) characteristics of the hybrid OLEDs exhibited a gradual shift according to the TPD content of TPD/PI composite nanolayers: the higher the TPD content, the lower the voltage range of the whole J-V curve position. This result indicates that the hole transport in the TPD/PI composite nanolayers was improved by increasing the TPD content because all other parameters, except the TPD content, are the same for all devices. Here, it is interesting that the proper diode-like J-V curve was obtained for the device with only 5 wt% TPDincluded TPD/PI nanolayer (note that no current flow was measured for the device with the pristine PI). However, the logarithmic J-V curves showed slightly different shapes below the major charge injection voltage (∼5 V) in the presence of bumpy (J-V curve) shapes at around 2.5-5 V ( figure 4(b) ). This bumpy shape prevented us from judging the exact charge injection voltage, so we tried to compare the current density at two different voltages (0.1 V and 7.5 V).
As shown in figure 5(a) , the current density at 7.5 V was almost monotonically increased with the TPD content, indicating better hole injection/transport in the TPD/PI nanolayers as the TPD content increased. The current density at 0.1 V showed a similar increasing trend, except for the sudden drop at the highest TPD content (70 wt%): this abnormal result at the highest TPD content is understood as a result of a huge morphology change because a phase inversion between the guest (TPD) and the host (PI) could be expected at this composition. The evidence for this speculation is given from the AFM images presented in figure 6 , in which closely packed nanoparticles (100-200 nm) were dominantly measured on the surface of the TPD/PI nanolayers at this composition (70 wt%) (figures 6(c) and (d)). However, as the TPD content decreased, the PI network phases became finer leading to the reduced appearance of the TPD nanoparticle aggregates (figures 6(a) and (b)): note that the TPD nanoparticles were relatively loosely packed in the TPD/PI nanolayer at the TPD content of 50 wt% as described in our previous report [16] . As shown in figure 5(b) , the TPD content-dependent change was more sensitively detected from the trend of m values (SCLC regime) that represent the trap energy for charge (hole) transport [5] . Here we note two different stages for the m value change with the TPD content:
(1) the decreasing stage at the TPD content of 5-30 wt% and (2) the increasing stage at the TPD content of 30-70 wt%. This result indicates that the charge transport characteristics in the TPD/PI nanolayers are significantly changed at 30 wt% that might be a boundary composition for the critical bulk morphology change inside the TPD/PI nanolayers. Considering the J-V characteristics discussed above, we can conclude that the charge (hole) transport in the TPD/PI nanolayers is limited by the TPD content. This implies that the charges (holes) make a hopping transport from TPD molecules to TPD molecules, even though the HOMO level of PI is quite similar to that of TPD (see figure 3(b) ). In other words, the PI molecules are regarded as a charge-trapping site. Based on this scenario, we have drawn a sketch for the possible charge transport in the TPD/PI nanolayers as shown in figure 7 (the ideal mixing between the TPD and PI molecules has been applied for this sketch).
Luminance-voltage characteristics
The luminance-voltage (L-V) characteristics of the hybrid OLEDs are shown in figure 8(a) . As the TPD content increased, better L-V characteristics were measured, which is in accordance with the trend of J-V characteristics (see figure 4(a) ). The maximum luminance passed over 2000 cd m −2 for the hybrid OLED with 70 wt% TPD, while it reached ∼102 cd m −2 for the device with only 5 wt% TPD. This result reconfirms that the charge (hole) transport is a critical limiting factor to control the performance of the present hybrid OLEDs. However, the semi-logarithmic L-V curves exhibited almost similar shapes, indicating that the exciton generation and the radiative decay process is not affected by the TPD content in the TPD/PI composite nanolayers, even though the exciton generation yield could be varied with the TPD content. In the same manner, the voltage that is required for L = 100 cd m −2 almost gradually decreased with the TPD content in the presence of a slight jump at 70 wt% (figure 9). This result is in good agreement with the trend of voltages for J = 500 A m −2 (except for 70 wt%).
In order to examine an additional correlation according to the TPD content, the luminous efficiency of the hybrid OLEDs was plotted as a function of the voltage and the current density ( figure 10 ). As the TPD content increased, the luminous efficiency showed less dependence on the applied voltage and current density. This indicates that the device efficiency is governed by the charge transport in the TPD/PI nanolayers in the case of lower loading of TPD molecules, whereas in the case of higher loading of TPD molecules it is almost independent of charge transport in the present device structure. As shown in figure 11 , the luminous efficiency at the fixed current density (J = 500 A m −2 ) almost linearly increased as the TPD content increased, which supports the major role of the TPD molecules in the TPD/PI nanolayers. Finally, for the purpose of demonstrating the applicability of the present TPD/PI nanolayers, we fabricated OLED displays which can be used as an information display panel for automatic temperature controllers in automobiles (figure 11 inset image).
Conclusions
Hybrid OLEDs were fabricated by varying the TPD content in the TPD/PI composite nanolayers. As the TPD content increased, the working voltage of the hybrid OLEDs decreased and the luminous efficiency increased. This result has been assigned to the improved hole transport in the TPD/PI composite nanolayers as the TPD molecules became enriched. We concluded that the PI molecules act as a charge-trapping site, even though the HOMO level of PI is close to that of TPD. The SCLC model fitting showed that the 30 wt% TPD content is a critical boundary composition for the inversion of charge transport characteristics in the TPD/PI composite nanolayers.
